we observed no or weak effects at 5 M and 10 M, and 2001, 11:1524-1527 a toxic effect at 60 M (data not shown).
mammals, the principal oscillator resides in the suprachiasmatic nucleus (SCN). A light pulse during
n ϭ 26; Figure 1b ) comparable to that of the mPer1 mRNA in vivo [4] . The luminescence gradually decreased in amthe subjective night causes a phase shift of the circadian rhythm via direct glutamatergic retinal plitude after several cycles but was recovered to the initial level by changing the culture medium ( Figure 1b ). With afferents to the SCN [1] . Along with the accepted theoretical models of the clock, it is suggested that no changing of the culture medium, the peak intervals of the bioluminescence from a single culture showed no behavioral resetting of mammals is completed within 2 hr [2]; however, the molecular mechanism significant variation within at least four cycles. The key role of mPer1 in the entrainment was speculated
Correspondence: Hitoshi Okamura from the evidence that the application of mPer1 antisense E-mail: okamurah@kobe-u.ac.jp oligonucleotides blocked the light-induced phase shifts of the behavioral rhythm [6, 7] . To address the question vitro [8] ) to the SCN cultures at various time points. We chose the application of 30 M NMDA for 30 min since a toxic effect at 60 M (data not shown).
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When NMDA was applied at 6 hr after the peak point of the luminescence (in the decreasing phase), the next peak was significantly phase delayed in comparison to the control medium (NMDA, Ϫ1.94 Ϯ 0.18 hr, n ϭ 6; control, Ϫ0.23 Ϯ 0.04 hr, n ϭ 3; negative and positive values
Results and discussion
The luminescence from the suprachiasmatic nucleus (SCN) represent phase delays and phase advances, respectively; p Ͻ 0.01, Student's t test; Figure 2a ,b). These findings was considerably higher than that from the remaining outside region, thereby allowing the direct assessment of were compatible with our previous study in vivo demon- bioluminescence for 20 min. The images are lined every three images During the measurement, 1 mM luciferin was added to the medium.
(every 60 min) for 5 days. In the lower graph, each circle represents Note that the SCN occupies the majority of the slice, and the the total intensity of luminescence counted for 20 min. An arrow surrounding anterior hypothalamic area (AH) is thin. The scale bar indicates the change of the culture medium.
strating the next peak in mPer1 transcript levels following (within 2 hr) were observed at the other time points of the delay part (4.2-7.2 circadian hr after the peak) of the light pulse is delayed by 2 hr as compared to the controls that did not receive light, although the immediate Figure 3 (data not shown). The application of NMDA at 12 hr after the peak shifted the graph to the left for about response of the bioluminescence to the NMDA application is quite little compared to the induced level of mPer1 1 hr within 2-3 hr after the NMDA treatment ( Figure  4b ). Similar rapidity of the phase shifts was observed at the mRNA by light [4] . When NMDA was applied at 12 hr after the peak (in the trough phase of the luminescence), other time points of the advance part (9.8-12.7 circadian hr after the peak) of Figure 3 (data not shown). Therefore, the phase was advanced (NMDA, 0.86 Ϯ 0.10 hr, n ϭ 3; control, 0.32 Ϯ 0.09 hr, n ϭ 3; p Ͻ 0.05) (Figure 2c,d) .
in cases both of phase delays and of phase advances, the phase shift of the bioluminescence was completed within These responses were specific since the simultaneous application of 25 M D-2-amino-5-phosphonovalerate (D-APV), 2-3 hr. This suggests that the resetting of the mPer1 promoter's transcriptional activity has similar rapidity. By an antagonist for NMDA receptor, abolished the effects completely (Figure 2e ). Figure 3 shows the NMDA-induced using a 2 pulse light paradigm, accepted theoretical models for the resetting and entraining of all circadian clocks, phase shifts at various time points. Data were normalized to the circadian time calculated from the peak intervals including those of mammals, hold that, unlike the overt rhythms driven by them (which take several days to reset), of the bioluminescence, and the phase shifts were expressed as degrees of arc (see Figure 3 legend ) to clarify the biological oscillators themselves can be reset rapidly [10, 11] . This model was clearly established in the presthe phase-response relationship. The direction and the magnitude of the NMDA-induced phase shifts were deent study by the demonstration that the resetting occurs rapidly in the core oscillator based on a transcriptionpendent on the circadian phase. The applications at 4.2-7.2 circadian hr after the peak caused phase delays, and (post)translation feedback loop of a set of clock genes. The real-time imaging system in vitro together with the the applications at 9.8-12.7 circadian hr caused phase advances. The contour of the phase-response curve corremonitoring system in vivo [12, 13] will be useful for the elucidation of the transcriptional events of the clock genes sponds well with the light-induced phase shifts of the locomotor activity in vivo [9] .
in the circadian oscillatory mechanism.
Materials and methods
To define how rapidly the resetting occurred in this sys-
SCN culture
tem, we overlaid the wave form of the NMDA-treated NMDA was applied at 6 hr after the peak, the wave form ether, and the brains were quickly removed. The coronal brain slices shifted right for 2-3 hr within 2 hr after the NMDA (400 m thick), which contained the paired SCN, were made with a tissue chopper, and the brain slices were dissected carefully to minimize treatment (Figure 4a ). The similar rapid right shifts The application of NMDA (30 M) with D-APV (25 M) was performed on the same schedule. In the inhibition of protein synthesis, cycloheximide dipped into a culture medium (50% minimum essential medium, 25% Hank's balanced salt solution, 25% horse serum, 36 mM glucose, and (10 g/ml) was added to the culture medium. penicillin/streptomycin) at 35ЊC. The SCN cultures were incubated at least for a week, and bioluminescence recordings were started.
Figure 3
Direction and magnitude of phase shifts for NMDA treatment of the SCN culture. The x axis represents circadian hours (1 hr ϭ freerunning period/24 hr) from the peak point. The y axis represents phase shifts normalized into degrees of arc by multiplying each shift in hr by the factor 360Њ/free-running period [9, 10] . Blue dots represent the control group, and red dots represent the NMDA-treated group. The contour of the phase response was virtually the same as that obtained when the half-maximal points were used as reference points.
Figure 4
Wave form of the NMDA-treated cycle (red squares) and the preceding cycle (blue squares). The trough value of each cycle is defined as 0%. The decreasing phase (between the preceding peak and the trough) and the increasing phase (between the trough and the next peak) are shown, defining the preceding peak as 100% and the next peak as 100%, respectively. Each value is the mean Ϯ SEM (n ϭ 3). Application of NMDA (a) at 6 hr after the peak induced a phase delay and (b) at 12 hr after the peak induced a phase advance. Note that the phase shift of the bioluminescence is completed within 2-3 hr in both cases.
